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Non-equilibrium thermodynamicsThe Submarine Hydrothermal Alkaline Spring Theory for the emergence of life holds that it is the ordered de-
livery of hydrogen and methane in alkaline hydrothermal solutions at a spontaneously precipitated inorganic
osmotic and catalytic membrane to the carbon dioxide and other electron acceptors in the earliest acidulous
cool ocean that, through these gradients, drove life into being. That such interactions between hydrothermal
fuels and potential oxidants have so far not been accomplished in the lab is because some steps along the nec-
essary metabolic pathways are endergonic and must therefore be driven by being coupled to thermodynam-
ically larger exergonic processes. But coupling of this kind is far from automatic and it is not enough to merely
sum the ΔGs of two supposedly coupled reactions and show their combined thermodynamic viability. An ex-
ergonic reaction will not drive an endergonic one unless ‘forced’ to do so by being tied to it mechanistically
via an organized “engine” of “Free Energy Conversion” (FEC). Here we discuss the thermodynamics of FEC
and advance proposals regarding the nature and roles of the FEC devices that could, in principle, have arisen
spontaneously in the alkaline hydrothermal context and have forced the onset of a protometabolism. The key
challenge is to divine what these initial engines of life were in physicochemical terms and as part of that,
what structures provided the ﬁrst “turnstile-like” mechanisms needed to couple the partner processes in
free energy conversion; in particular to couple the dissipation of geochemically given gradients to, say, the
reduction of CO2 to formate and the generation of a pyrophosphate disequilibrium. This article is part of a
Special Issue entitled: The evolutionary aspects of bioenergetic systems.
© 2012 Elsevier B.V. All rights reserved.“Synthetic biology is… the study of the physical forces and condi-
tions which can produce cavities surrounded by osmotic mem-
branes, … associate and group such cavities, and differentiate
and specialize their functions” [115].1. Introduction
1.1. Life as thermodynamics: it's disequilibria all the way down
In their thermodynamic dimension living systems are staggering and
wondrous Taj Mahals of disequilibria—writ in both structure and pro-
cess; of intense and dynamic disequilibria in fact, precariously lofted
high above the quiet repose of the equilibrium state. This is their essentialutionary aspects of bioenergetic
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l rights reserved.and distinguishing property. But, of course, the 2nd law dictates that a
particular disequilibrium can only arise by a process in which it is “driv-
en” into place—against probability—by being mechanistically tied to the
dissipation of a ‘greater’ disequilibrium; tied through a mechanism that
fuses the two processes, driver and driven, into a single—and spontane-
ous—thermodynamic process; a thermodynamic “Atwood machine”. In
consequence, life's multitudes of disequilibria are linked together—and
to the external world—in cascading networks of driver–driven pairs;
each linkage embodying an instance of disequilibria conversion; or, as
it is more conventionally termed, “free energy conversion” (“FEC”) or
“free energy transduction” [1,2]. And “bioenergetics”, we here argue, is
entirely the study of FEC.
In this introductory section we review the thermodynamic concepts
and approaches that are brought into play in the analysis of such
disequilibria-converting, FEC processes. Our motivation for doing so in
the present context is based in part on an argument that the enabling
initial step on the path from the inanimate to the animate was the cre-
ation andmaintenance, in appropriately localized contexts, and through
spontaneously arising, abiotic FECmechanisms, of two critical ‘founding’
chemical disequilibria. It is our view, in other words, that at its emer-
gence, life was as much, and as essentially, an economy of disequilibria
conversion as it has clearly been since it became recognizably “life like”.
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sition, were the driving and driven disequilibria, and perhaps most
problematically, what were the likely abiotic mechanisms that, in the
right physical context, pulled off the profoundly non-trivial trick of cou-
pling one to the other. The subsequent sections of this paperwill discuss
this aspect of the problem.
1.1.1. What precisely is a “disequilibrium”?
When a quantity of matter and/or energy (“M/E”) can exist within a
spatially bounded system in two alternative states (necessarily equal in
all relevant conserved quantities) those states will form a disequilibri-
um (a “gradient”) if and only if they differ in their entropy content; en-
tropy in Boltzmann's atomistic terms is the log measure of the state's
microstate “multiplicity”: S/k= lnWwhereW is the number of “accessi-
ble” microstates available to the M/E [3]; a disequilibrium is therefore
fundamentally deﬁned by the condition that the two alternative states
differ in entropy content, i.e. inmicrostatemultiplicity:Wstate1≠Wstate2.
Aﬂux between these two states, if not physically prevented,will arise
spontaneously, driving the matter and/or energy from the state of low
entropy to that of higher entropy. That is, if there is aﬂux, i.e. if something
(macroscopic) happens, then the 2nd law demands thatWafter>Wbefore.
Furthermore, this increase in microstate count, in the entropy of the
M/E involved in the process, is arguably not merely a restriction onmac-
roscopic processes, but is instead their driving cause and designing hand.
But note that, as presaged above, central to the discussion of FEC is
the possibility that the ﬂow induced by a disequilibrium may be a
‘compound’ process—i.e. composed of (at least) two processes—com-
prising two gradients and two ﬂuxes—mechanistically linked so they
function as a single process thermodynamically as we discuss below.
1.1.2. What happened to energy?
Discussions of bioenergetics almost always have “energy” center
stage and running the show—albeit energy suitably discounted (in “its
ability to perform work”) by the 2nd law tax. But this, in our view, is
misleading. Energy doesn't drive processes—or become “consumed” or
“used” in their occurrence. Disequilibria (via their dissipation) alone
are to blame forwhy—and how—things happen (andnot just in the pro-
cesses of life); although it is true that much of the entropy difference
that deﬁnes these disequilibria is due to differences in how the energy
involved is ‘packaged’ or distributed; that is, while energy is typically
a dominant contributor to the “medium”, the “message” is disequilibri-
umdissipation and creation. To better see the point at issuehere consid-
er the case of life's “main fuel” disequilibrium—that of ATP versus its
hydrolysis products ADP+Pi.
In actively metabolizing cells, typical ATP free energy potentials
are 50–60 kJ/mol—maintained by a furious industry of ATP reconsti-
tution and use; even in sessile ‘sapiens’ the daily turnover of ATP is
roughly equal to body weight (100–150 mol; each ATP is regenerated
1 to 1.5 K times per day; that is, approximately once per minute).
Using a commonly adopted approximate expression for the Gibb's
free energy of a chemical reaction in a state displaced from equilibrium
(applicable when the reaction makes a negligible change in the
reagent's chemical potentials [4]), we can express the above ATP free
energy in terms of the concentrations involved as:
ΔG ¼−kT ATP½ = ADP½  Pi½ 
ATP½ eq= ADP½ eq Pi½ eq
 
where the superscript “eq” labels the equilibrium values. Therefore, at
typical temperatures, an ATP “free energy” of≈50 kJ/mol implies that
ΔG/kT≈20, or that the ratio of [ATP] to theproduct of the concentrations
of its hydrolysis products [ADP][Pi] is approximately 5×108 fold greater
than it would be at equilibrium. It is this astronomical disequilibrium
which the cell is constantly dissipating (in FEC processes in which it is
the “driving” disequilibrium for the creation of other disequilibria) and
put to the considerable pains of constantly replenishing—and which,therefore, ‘carries’ the free energy associated with ATP. In other words,
ATP (and its bond energy) is by itself useless to the cell as a source of
driving force; ATP at equilibrium with its hydrolysis products would
not drive a single endergonic reaction nomatter what the concentration
of ATP. Note also that ΔG never occurs in the expression for a measur-
able quantity except in the dimensionless ratio ΔG/kT, showing that
the only thing that matters physically in the above expression is the di-
mensionless numerical expression involving the log of a (dimension-
less) ratio of concentrations, and that “free energy” is therefore not
physically an “energy” (of any stripe), but is just a dimensionless nu-
merical quantity measuring how far from equilibrium the system cur-
rently is. Necessarily, of course, the energy exchanged in this reaction
is exactly conserved (in the physicist's literal-minded sense of meaning
“not changed”, not the biologist's sense of “not all wasted as heat”), and
is in no sense “consumed”. In this connection we note that in the terms
used above to characterize disequilibria, the Gibbs free energy inherent
in a chemical reaction displaced from equilibrium can be expressed in
general as ΔG ¼−kT ln Wstate2=Wstate1ð Þmole−reaction−progress which is
negative if Wstate2>Wstate 1—indicating that a spontaneous reaction
would take place from state1 to state2.
However, to give ATP's bond energies their due, the hydrolysis, for
example, of the terminal phosphoanhydridic bond dumps into the ther-
mal ‘bath’ a packet of energy that is (typically) about 12 fold larger than
the bath's own energy packets (≈kT)—into which sea the bond energy
packet becomes quickly dispersed. It is for themost part this large ener-
gy dispersal factor (“one-to-many repackaging”) that makes ATP hy-
drolysis (from a far-from-equilibrium state) able to drive so many
other reactions through relatively simple FEC mechanisms.
1.1.3. The need for non-equilibrium thermodynamics (NET)
For several reasons the thermodynamic analysis of FEC mechanisms
is inherently outside the embrace of classical equilibrium thermody-
namics (ET) and requires non-equilibrium thermodynamic (NET) con-
cepts and methods [1,2]. For starters, classical ET is limited to the
consideration of equilibrium states or to states only incrementally or
“quasi-statically” displaced from them. It is inherently non-dynamic
(thermo-dynamics it emphatically isn't). It can characterize a bar ﬁght
only in terms of the differences one can measure in the state of the bar
between the completely quiet “end” states before and after the ﬁght
took place.
NET's focus is not “states” at or (very) near equilibrium, but fully dy-
namic “processes” in which states are in general far from equilibrium
(FFE) and changing at velocities which are under no obligation to be ap-
proximately zero. It undertakes, therefore, to characterize the bar ﬁght
during its entire time course. And of course FEC processes are just
such FFE, dynamic, ﬁnite velocity, systems. Notably, an essential feature
of FEC systems and FEC-sustained systems, is that the FEC process can
maintain a system far from equilibrium in steady state; a circumstance
that ET cannot countenance. In particular, accounting for the key feature
of FEC, namely the locking of two thermodynamic ﬂows into one pro-
cess by a FFEmacroscopically organized, dynamicmechanism, especial-
lywhen thatmechanism is driven into existence by the driving gradient
itself, is in every regard qualitatively incompatible with the assump-
tions of classical ET.
To help clarify these points and lay a conceptual groundwork for the
subsequent section's discussion of the problem of ﬁnding the FEC pro-
cesses which we hypothesize got life started, we next undertake a
quick tour of NET and of how FEC is analyzed within that framework.
1.1.4. Blitz summary of non-equilibrium thermodynamics and free energy
conversion
The deﬁning focus of non-equilibrium thermodynamics is entropy—
its rate of change in particular (it is a truly dynamical thermodynamics);
NET sees thermodynamics as a (dynamic) play about entropy, not a (stat-
ic) tableau about energy (as does classical, equilibrium thermodynamics).
The enabling assumption allowing the theory to embrace ﬁnite velocity
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ties) is that “local equilibrium” is an acceptably good approximation for
all points within the physical system under consideration [5]; i.e. that
the Boltzmann distribution adequately describes the probability distribu-
tion of energy states in a suitably small volume deﬁning the neighbor-
hood of any point—so that a temperature “at each point” is well enough
deﬁned.
Many of the concepts and relationships of ET extend to the NET re-
gime, if not always with quite the same meaning; the primary bridge
being a re-interpretation of the “fundamental energy equation” of ET
which asserts merely that a “simple” system's energy is a function of
three independent variables, its entropy S, volume V, and the vector of
the counts of each of the kinds of particles present in the system N: U=
U(S,V,N). NET reinterprets this relation, by inverting it, to obtain the “fun-
damental entropy equation” according to which the system's entropy is a
function of the three independent variables U, V, N: S=S(U,V,N) and
where now all of these independent variables can be functions of time
(see the discussion in Dill and Bromberg, pp107 [3] in which the authors
characterize the fact that thermodynamics and its original deﬁnitions
were founded on the “fundamental energy equation”, not the “funda-
mental entropy equation”, as an “inconvenient… quirk of history”; because
“…themicroscopic driving forces are better understood in terms of the entro-
py equation S=S(U,V,N)”; to which we add that this latter fact is because
thermodynamic driving forces are just, and only, entropy differences i.e.
disequilibria). In any case, such basic quantities in ET as enthalpy: H=
U+pV and Gibbs free energy: G=H−TS can be extended directly to
NET where they become dynamic functions changing at ﬁnite rates dur-
ing the course of a reaction.
Consider a spatially bounded system, potentially open to the ex-
change ofmatter and energywith its exterior,withinwhichﬁnite veloc-
ity (i.e. inherently ‘irreversible’) processes are taking place. A process
here can be a chemical reaction, a diffusion, a conduction of heat or elec-
tricity, a convective ﬂow, etc. Each such process is the expression of (i.e.
is ‘caused by’) a state of disequilibrium (equivalently the existence of a
“gradient”) with respect to the energy/material mediating that process.
Thus to each such process is associated a “ﬂux” (e.g. heat ﬂow, the prog-
ress of a chemical reaction, or an electrical current), and also a “force”
(ameasure of the strengthof the gradient driving theﬂux). All such pro-
cesses are “irreversible” because they change (at a ﬁnite rate) the entro-
py of the material or energy involved in the process.
The change in entropy as a function of time of the bounded system is
thus due to two contributions: entropy carried by the ﬂow of material
and/or energy across the system's boundary (an incremental amount
of which is conventionally labeled deS), and the changes in entropy of
the material/energy within the bounded system due to the irreversible
processes taking place within it (labeled diS). That is, as is drawn in
Fig. 1, the total incremental change in the entropy of the system is:
dS ¼ deSþ diS
where deS and dS can be of either sign but by the 2nd lawwemust have
diS≥0 (explanation: deS has no effect on the entropy of the universeFig. 1. The dynamics of entropy change in a bounded region open to the exchange of both
matter and energy.since it is just due tomoving energy/material fromone place to another;
therefore it is only the irreversible processes taking place within the
system that effect the entropy of the universe; that is: dSuniverse=diS.
But by the 2nd law, dSuniverse must be non-negative) [1,6].
A fundamental relationship of NET expresses the rate of entropy
production due to the system's irreversible processes in terms of a
sum of the rates at which each of the processes going on in the system
contributes to that entropy production—and further expresses each of
these individual contributions as the product of the “ﬂux” (the ﬂow of
E/M deﬁning that process) and the “force” for that individual process:
diS
dt
¼∑
j
diS
j
dt
¼∑
j
JjXj
where Jj and Xj are, respectively, the ﬂux and the force associated with
the jth process. Note that the force terms Xj are simply the amount of
entropy change that each unit of the jth ﬂux experiences (and that
this is, therefore, ‘all there is’ to the ‘forces’ that make macroscopic
things happen; they are just—and only—entropy changes). In the
case of chemical reactions, and following common units conventions,
Jj=dξj/dt and Xj=Aj/T where ξj is the “extent” of the jth reaction and
Aj=Aj(ξj) is the so-called “afﬁnity” of the jth reaction at its current
extent ξj [8]. Note that Aj>0 (resp. Ajb0) implies that the jth process
enjoys an increase—is exergonic (resp. decrease—is endergonic) in
entropy, and that Aj=0 when the reaction is at equilibrium (no en-
tropy change to be gained).
Then the ‘big’ points:
• ﬁrst of all, even though we must have diS≥0 and therefore∑ JjXj≥0
this does not imply that all of the terms in this summust be positive;
some ﬂuxes can be reducing the system's entropy—because their
forces are negative (Xjb0—an endergonic process).
• second, the ﬂuxes can depend on all of the forces acting within the
bounded region, not merely on their ‘cognate’ force. In this way, two
(or conceivable more) processes act thermodynamically as one; and
the dissipation of one gradient, say X1>0, can be obligatorily coupled
to the creation of another, say X2b0. In fact, only in this way can a pro-
cess proceed in which X2b0—that is, in which a disequilibrium is
created.
In a systemwith just two processes, for example,we could have J1=
J1(X1,X2) and J2= J2(X1,X2) and also X1>0 (a ‘driving’ process) and X2b0
(a ‘driven’ process), so that we can have diS/dt= J1X1+ J2X2>0 even
though J2X2b0; this can only arise, of course, if each of the ﬂuxes does
in fact depend in an appropriate fashion on its non-cognate force. In
this circumstancewe have “free energy conversion”; theﬁrst disequilibrium
is dissipated, the second created - and potentiallymaintained. All situations
in which a non-equilibrium state of matter or energy is created are em-
braced within this conceptual scheme. No other options exist consistent
with the 2nd law; a disequilibrium must be dissipated to create another
and the two processes must be reciprocally conditional on each other
(through a mechanism that forces inter-process locking) [1,2]. The term
“engine” has been apply applied by Alan Cottrell [7] to all systems
that carry out free energy conversion since they are all “engines” as
physics classically construed the term, and all engines are FECs [2].
To emphasize the critical mechanistic point here, the functional es-
sence of the coupling that achieves FEC is that the driving ﬂux is made
conditional on (is ‘gated’by) the coincident occurrence of the other (driv-
en) ﬂux—which ﬂow, being inherently improbable (i.e. anti-entropic),
would, of course, never proceed (‘upstream’) on its own. However, the
coupling of two processes as above envisaged is under no stretch ‘auto-
matic’ or trivial; and is in fact a quite special state of physical affairs. In es-
sentially all situations of interest this linking of the two processes into
one, requires, and ismediated by, amacroscopically ordered and dynam-
ic ‘structure’which acts functionally as a “double turnstile”. The turnstile
permits a token of the driving ﬂux J1 to proceed downhill if and only if
there is the coincident occurrence of some ﬁxed ‘token’ of the driven
Fig. 3. The left handdownward-directedorangearrowrepresents a passive “thermodynamic
branch” (in Prigogine's terminology) dissipative ﬂow (such as heat conduction or geochem-
ical reaction in aqueous solution). As the strength of the imposed gradient (the thermody-
namic “force”) is increased (left hand horizontal blue arrow) a point is reached at which
the passive dissipativemodality becomes unstable. The systemcan then transition to the “or-
ganized branch” by creating a macroscopically organized, and dynamic dissipative “struc-
ture” (middle ﬁgure with the red gear) that: (a) is then stable (to perturbation), and (b) is
an FEC driving an anti-entropic process (upward blue arrow)—with the additional magical
property of being autocatalytic (such as a convective cell; plastic deformation via linear-
discontinuitymotion andmultiplication is another ‘direct’ example). This property arises be-
cause the anti-entropic ﬂow (creating free energy) acts on (provides a free energy input that
is consumed by) the engine itself (indicated by the looping blue arrow). The effect of this
autophagic consumption of the engine's free energy output is to stabilize and grow the en-
gine (the right hand horizontal arrow indicating engine growth)—increasing its processing
(i.e. dissipative) capacity. When such SODS emerge they invariably accelerate the rate at
which the driving gradient is being dissipated.
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event) in the same movement of the turnstile. Embodying such condi-
tional, turnstile-like gatingmechanisms iswhat is universally beingman-
aged by such evolutionarymarvels as the redox-driven protonpumpswe
will consider in detail later and indeed all other biological devices that
carry out what is conventionally termed “energy conservation” (which
name, we however argue, misleads in both of its terms). This situation
is drawn in Fig. 2.
In many naturally arising FEC engines, i.e. the so-called “emergent”
or “self organizing dissipative structures” (“SODS”) [6,8], the driving
gradient creates its own coupling “gear” (in Fig. 2) from nothing: the
macroscopically organized state of matter that mediates the turnstile
coupling between the driving and driven process is produced—forced
into existence—by the driving gradient itself. In these cases the
FEC-mediating organized structure is itself part of the “disequilibrium”
that the FEC is creating through its driven ﬂux. It is due to this positive,
‘autophagic’, feedback behavior that the engine is “autocatalytic” and
thereby self-generating or emergent. The engine quite literally con-
sumes (or ‘feeds on’) its own work output to achieve stability and
growth (see the remarkable discussion by Cottrell [7]); hydrothermal
convection cells are beautifully illustrative examples [9]. Importantly,
such entirely self-generating FEC systems come into existence only in
response to very far-from-equilibrium disequilibria (as Prigogine and
his collaborators were the ﬁrst to study in detail [8]). Fig. 3 presents a
diagram meant to illustrate the ‘autophagic’, self-amplifying behavior
of the SODS class of FEC systems.
But as Cottrell [7] has further pointed out, in other cases, due to
the prior action of other, unrelated FEC processes, the ordered struc-
tures needed to mediate a FEC process can already be present ‘for
the taking’—either entirely or in part. In these circumstances, FEC sys-
tems can arise in response to relatively weak driving gradients. Note
that even in these systems, autocatalytic mechanisms, some quite in-
directly mediated (as in the case of living systems) can also be criti-
cally in play.
We note that NET had its essential beginning with the work of
Onsager [10]who considered the so called “Linear Non-equilibriumTher-
modynamics” (“LNET”) approximation in which the ﬂuxes are assumedFig. 2. The driving ﬂux is indicated in this ﬁgure by a downward-directed, orange arrow, the
driven ﬂux by an upward-directed (and thinner) blue arrow. In a ﬁxed increment of time the
driving ﬂux undergoes an increase in microstate count ofWB→WAwhereWA>WBwhile in
the same increment that of the driven ﬂux undergoes a decreaseWb→Wa whereWabWb.
The 2nd law simply requires that the total microstate count before: WB×Wb be not less
than the total after WA×Wa (so that the total process is exergonic—and spontaneous). The
red gear symbol in the center represents the turnstile coupling mechanism that must exist
to tie the two ﬂows together into a single, unitary, thermodynamic process. Note that for en-
gines (e.g. classical “heat engines”) producing mechanical work the output, being motion in
one dimension, has one degree of freedom; thereforeWa=1 and Sa/k=ln(1)=0.to depend on the forces through linear relationships (an approximation
that is certainly accurate “near equilibrium”): Jj ¼∑
k
Lj kXk from which
assumption he derived the extremely important reciprocal relations in-
volving the coefﬁcients that specify the coupling between the two pro-
cesses (Ljk=Lkj) using an argument based on micro-reversibility
(“detailed balance”). Most interestingly, linear ﬂux–force relationships
and the reciprocal relations appear to be observed by a host of FEC sys-
tems (in biology perhaps especially) in which the linear approximation
should by no stretch apply (oxidative phosphorylation is one notable ex-
ample discussed in this connection) [1,4,11].
1.2. Aside on the meaning of the Gibb's free energy relation
ΔG=ΔH−TΔS from the viewpoint of NET
Re-arranging this as ΔS=ΔH/T−ΔG/T and, assuming that the
chemical reaction implicitly referred to is the only process taking
place in NET's bounded region, integrate the above NET entropy budget
relationship dS=deS+diS over time for the full extent of the reaction to
give: ΔS=ΔeS+ΔiS. Comparing this with the ‘inverted’ Gibbs equation
(recognizing that this assumes a closed system with p and T held con-
stant) suggests what is in fact a correct inference, namely that in the cir-
cumstance where the Gibb's free energy is deﬁned, ΔH=TΔeS and
ΔG=−TΔiS.
That is:
• the “true” (i.e. physical) meaning of the change in enthalpy is that it is
just the temperature times the entropy gained (or lost) by the transfer
of energy and/or material across the system's boundary, and that
• the physicalmeaning of the change in the “Gibbs free energy” is that it
is just the negative of the temperature times the entropy produced by
the reaction.
Although multiplying the quantities ΔeS and ΔiS by temperature—
thus clothing them in the units of energy—recovers the classical Gibb's
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ably obscures the physics. In particular, the above discussion makes it
clear that in the Gibbs relationship there are not three different types
of physical quantities: free energy, enthalpy, and entropy; but just one:
entropy, and the relationship is, in physical content, ‘really’ just the sim-
ple entropy budget equation of NET given above. Note however that the
NET entropy budget relationship ismore general in two fundamental re-
spects; in applying to open systems (where both energy andmatter can
ﬂowbetween the systemand its environment), and in applying to ongo-
ing processes taking place at ﬁnite velocities, not just to difference be-
tween the (equilibrium) end states of those processes (or to processes
that are obliged to proceed “quasi statically”).
1.3. Bridging the concepts and methods of ET into the world of NET and
FEC
As was noted above, much of the machinery of ET has a valid gener-
alization in NET. Perhaps most usefully, the classical thermodynamic
potential functions, such as the Gibbs free energy G=U+pV−TS,
carry over under the same conditions (for G, a system in which p and
T are held constant by a bath) except that now G=G(ξ) is deﬁned
throughout the course of a chemical reaction, however rapidly (within
limits) that reaction takes place (noting that the extent of reaction
will in general be time dependent ξ=ξ(t)). The formal connection be-
tween a chemical reaction's afﬁnity in NET and (where it is deﬁned)
the Gibbs free energy (in its NET rendering) is given by:
A ξð Þ ¼− ∂G∂ξ
 
p;T
i.e. the afﬁnity is (minus) the rate of change of the Gibbs free energy
with respect to the reaction's “extent of progress” [1,6]. Furthermore,
if the bath is large enough so that the reagent concentrations can be
taken as constant, the change in the system's Gibbs free energy (per
mole of reactants) involved in displacing the reaction from equilibrium
is numerically equal tominus the afﬁnity: ΔG=−A (see the discussion
of why this should be regarded as only a “numerical equivalence” in
Kondepudi and Prigogine p111 [6]).
Thus, correct discussions of FFE processes can often be cast in what
are, at least in appearances, the familiar terms of classical thermodynam-
ics. This is particularly the case, common in bioenergetics, in which the
disequilibria can be considered to be approximately constant—“in steady
state”. And it is also particularly the case if the point of the discussion is
not to understand how the dissipation of one disequilibrium state has
physically led to the creation of another.
However, it's worth emphasizing that in chemical free energy con-
version, it is not a requirement that the driver reaction's Gibb's free en-
ergy be greater inmagnitude than that of the driven reaction; i.e. that−
ΔGdriver>ΔGdriven (where ΔGdriverb0 and ΔGdriven>0). What is required
is that −ΔGdriver×molesdriver>ΔGdriven×molesdriven; this follows from
the analysis presented in the legend to Fig. 2 and the point noted
above that: ΔG ¼−kTln Wafter=Wbefore
 mole−reaction−progress.
We are ready now to turn to the place and conditions we consider
likely to have acted as life's hatchery on the early earth.
2. The origins of bioenergetics; searching for the founding mothers
of biological FEC in the “lost cities” of the Hadean sea
Our central task, as we noted in the opening discussion, is to discov-
er the founding FECs of proto-life; identifying their driving and driven
disequilibria, and the naturally arising abiotic turnstile mechanisms
thatwould have coupled them appropriately into single thermodynam-
ic processes. We turn to these issues in the remaining segments of this
paper and base our discussion on the “alkaline hydrothermal model” ofthe genesis of life originally advanced by Russell et al. [12] and since de-
veloped extensively by those and other authors [13–18].2.1. Initial conditions; the initial driving disequilibria
To see and understand how bioenergetics ﬁrst emerged on Earth we
must transport ourselves back a third of the age of the Universe, ridding
ourselves of some of the preconceptions derived from our experience of
the world as it is today. The manner by which the planet began to lose
its gravitational, and radiogenic heat after the collision with the
Mars-sized planet Theia (which produced our moon) and the formation
of the iron core, was through many deeply rooted volcanic plumes that
dispensed water vapor, carbon dioxide, nitrogen, sulfur and nitric oxides
to the atmosphere [19–21]. By 4.4 billion years ago cooling had
progressed so far that torrential rains ﬂooded the world, taking around
10,000 years or so to produce an ocean about 10 km deep [20,22,23].
Convective processes continued to transport heat to the surface through
a series of stacked and compartmentalized convection cells—one driving
another—from the entirely liquid core, via the mantle, crust, and eventu-
ally to the surface where it was lost to the cold sink of expanding space
[19]. These convection cells are examples of “directly self-generating
free energy converters”. Convective transfer could eventually involve
the all-enveloping ocean as it leaked down faults in the stressed ocean
crust, was heated partly through exothermic hydroxylations and
returned buoyantly to the ocean bottom in a process known as
serpentinization [18]. A large number of convection cells driven by silicic
magmatic intrusions and involving ocean water produced a myriad of
ephemeral acidic springs thermostated at around 400 °C. They were re-
sponsible for introducing transition metals (Fe≫Zn>Ni~Co~W)
dissolved from the crust in supersaturated solution to the Hadean
Ocean. Others, operating at ≤150 °C were alkaline, driven merely by
heat ﬂow and exothermic hydration of the crust (serpentinization);
these supplied the materials (e.g., Ca>Mg≫Mo+OH−+NH3~HS−)
and fuels (H2>CH4) to what was to become the hatchery of life. This
hatchery was a spontaneously precipitated hydrothermal mound which
provided the free energy capturing and converting devices to drive incip-
ient metabolism while exporting “waste” heat and unreactive materials
in the exhaling hydrothermal efﬂuent back to the ocean [24–26]
(Fig. 4). Thus, convection and metabolism were intimately coupled at
life's emergence, a coupling that holds, if more loosely, to this day.
From a proto-biological perspective we can view the entire alkaline
convective system and hydrothermal mound initially as a single com-
plex proto-metabolizing entity measuring cubic kilometers; where the
conduits guiding the carbonic ocean down and through the crust acted
as catalyzing redox imports, where water was heated to around 150 °C
and partially reduced to hydrogen, where carbon dioxide was in turn
partially reduced to methane and minor formate, where protons were
spent releasing calcium from silicates to leave an alkaline solution
with pH ~11, where bisulﬁde ions were freed from metal sulﬁdes,
where the exhaling solutions reacted with the ambient carbonic ocean
to generate a catalytic compartmentalized mound, where protons
from this ocean leaked into the mound to drive pyrophosphate produc-
tion and the carbon dioxide leaked through to be hydrogenated to fur-
ther formate, where oxidants on the outside could oxidize methane on
the inside to various intermediates, and where all the uncooperative
products could be exhausted with the efﬂuent [16,17,25–29] (Fig. 5).
As the mound evolved some of the import paths could be entrained to
its base, beginning the miniaturizing tendency to cubic meters, and
eventually involving themillimetric tomicrometric compartments com-
prising the outermargins of themound, a prelude to the development of
the ﬁrst bioﬁlm as organic molecules took over themain structural roles
of the cell while leaving the inorganicmolecules to their catalytic roles—
phosphate for free energy storage and transfer, transitionmetals, partic-
ularly as sulﬁdes, in redox catalysis, and magnesium as a stabilizing in-
ﬂuence over negatively charged biomolecules.
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Fig. 4. The type of open system submarine and alkaline (pH~11) hydrothermal convection cell thought to have fed emergent life at a submarinemound 4.4 Ga. Such a system serpentinizes the
oceanic crust and lasts for at least 100,000 years (>1017μm). The all-enveloping ocean is carbonic with a pH of between 5 and 6. Note the provision for the export of waste (entropy). The inset
box suggests how the CO2 may have been reduced to formate [16,44]. Based on [18,32,33,109].
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compartmentalized system that would have been available to power
the FECmechanisms of the ﬁrstmetabolic pathways are the proton gra-
dient amounting to around 5 units (pH 5.5 outside to pH 10.5 inside) or
~300 mV, and the redox gradient (~1 V) involving interior H2 and a va-
riety of potential exterior electron acceptors [16,17,25] (Fig. 6). How
these candidate driving gradients may have been put to work in princi-
ple is considered next.
2.2. Putting the driving disequilibria to work on the cusp between aqueous
geochemistry and metabolism
Given the conditions in and around the hydrothermal hatchery as
re-reviewed above, we now ask what were the initial, “prerequisite”
chemical disequilibria that had to be driven into existence and
maintained, where were they produced, how was the dissipation of
the candidate driver disequilibria we've identiﬁed above made to be
conditional on the production of these driven disequilibria, what specif-
icallywere the turnstilemechanisms thatmanaged these FEC processes,
and how did they arise, and function, abiotically?
But we note ﬁrst that, of course, the view that life is essentially an
entropy economy driven by free energy converting processes enjoys a
long and storied history—beginning not later than with arguments ad-
vanced by Boltzmann himself in the 1880s [30] and quite famously pro-
moted by Schrödinger [31]. Moreover, several previous publications
have speciﬁcally dealt with how such “entropy trapping” devices may
have arisen in the context of the alkaline hydrothermal model itself
[9,32–34] and it is on these earlier arguments that the present discus-
sion is erected and which we therefore review in summary next.2.3. Chemical reaction systems and their potential FEC enablers in the “lost
cities” of the Hadean; the ﬁrst “driven” disequilibria of proto-life
The differentiating stack of entropy-producing FEC mechanisms,
arising fromwithin the earth's core and ﬁnally involving surfacewaters,
moving, that is, from convection to metabolism, are at base almost en-
tirely physical in character, though they become more chemically com-
plex as the surface of the Earth is approached and ﬁnally reached. The
sharpest transition in this passage from physical to chemical gradients
appears to be that which takes place in the serpentinization compart-
ment itself wherein, in the main, mechanical and thermal disequilibria
are converted, aswe have noted, to a host of critical chemical and struc-
tural disequilibria. Furthermore, the transition to chemical disequilibria
brings in an essential new element for the emergence of life, namely
that it is the resultant chemical constructs, initially peptidic we argue,
that conferred the beginnings of permanence andmemory to free ener-
gy converters in the hydrothermal hatchery. Now the machinery and
products of FEC can persist for periods in which the driving forces
have waned, and the basic prerequisite for a system capable of evolu-
tion would have arisen.
Since then, of course, cellular life has developed awhole heterarchical
set of complex physical processes, the nature and operations of some of
which are the concern of this contribution. But all the requirements of
chemosynthetic life—free energy (thermal, chemical, electrochemical),
materials (C,H,O,N,P,S), catalytic elements (Fe, Ni, Mo/W, Co, Zn, S and
Se)—were focused at the Hadean alkaline submarine hydrothermal
vent located away from oceanic spreading centers and their accompany-
ing magma chambers (Figs. 4, 5) [16,35]. The rates of delivery of mate-
rials from both the alkaline hydrothermal, and the acidulous ocean
Fig. 5. The hydrothermal mound as a natural carburetor, metacell and hatchery of life. This FEC produces, as its “product” output, extremely complexly organized (low entropy) structures
(organized both as literal structures and as processes) which coincidentally provide catalytic centers, electron conductive paths, semi-permeable membranes, compartmentalization at op-
timal dimensions, chemically active surfaces, which provide such key services as reducing the local water activity and a host of other biasing constraints—geometrical, orientational and
electrostatic/polar forces that favor speciﬁc reaction outcomes. It also provides for “waste” clearance and disposal. Based on [9,25,33,110,111].
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of the latter by the hot efﬂuent and partly through secondary convection
driven by the heat in the mound, both convective and from exothermic
mineral precipitation, i.e., life emerged from a low entropy system.
In theory this well-ordered juxtaposition of hydrothermal hydrogen
with carbon dioxide dissolved in the HadeanOcean provided both ther-
modynamic energy and substrate to emergent life [14,15,29,36–39] andFig. 6. Eh–pH diagram illustrating the redox potential between hydrothermal hydrogen
(and latterly hydrogenotrophs) and redox acceptors available and likely exploitable by an
emerging metabolism. After reference [16].it has been assumed that metabolism became more and more efﬁcient
as geochemical reactions were “quickened” [18]. However, as we've ar-
gued above, “emergence” requires ﬁrst and foremost the production—
and maintenance—of certain key chemical disequilibria—in useful loca-
tions and amounts, and at adequate rates. The central task, therefore, is
not just accounting for the right chemistry, it's accounting for the right
“far from equilibrium” and inherently dynamic, chemical FEC processes.
This involves, as we earlier stated, identifying the “driven disequilibria”
that the earliest possible stirrings of pre-life would have required, the
naturally occurring driver disequilibria that could have been exploited
for their generation, and the abiotic molecular mechanisms that could
have provided the turnstile coupling between them. We have argued
above that the available driving disequilibria are primarily two: the
redox gradient (≤1 V) involving interior H2 and CH4 with a variety of
potential exterior electron acceptors [16,17,25] and the proton gradient
amounting to around 5 units (pH 5.5 outside to pH 10.5 inside) or
~300 mV [24].
Given these candidate driver disequilibria,what thenwere the “driv-
en disequilibria” that would have to have been produced within the
mounds micro-compartments for life to have gotten started. First of
all, the need for carbon dioxide to be reduced at least as far as formate
and carbon monoxide, and for methane to be oxidized to various inter-
mediates such as a methyl and a formyl group—these intermediates
interacting to form acetyl-CoA [17]. But life could never have lived on
thebreadofﬁxed carbon alone; so itmust alsohave enjoyed the services
of a diffusible free-energy carrier system analogous to the ATP
disequilibria of contemporary living systems. And aswe have discussed,
the highly attractive candidate for this role, arguably uniquely so, is
pyrophosphate-driven into disequilibrium most credibly by the ambi-
ent proton gradient [40]. So provisionally, we suggest that the primary
Fig. 7. Onemechanistic model for the emergence of the ﬁrst steps along the reversed acetyl
coenzyme-A pathway superimposed on an FeS-bearing low entropy precipitate membrane
[53,72–74] (cf. Fig. 5). At ~70 °C the sulﬁdes comprise mackinawite [Fe2S2]n containing
some FeIII and subordinate greigite (SFeS[Fe4S4]SFeS) [52]. Nickel (green circles) can substi-
tute for iron (red) in both minerals [55,75,76]. As the structural precursors of hydrogenase,
carbonmonoxide dehydrogenase and acetyl coenzymeA synthase, thesemineral nanocrysts
mayexert someof their catalytic activities, albeitwithmuch lower efﬁciencies [14,25,32]. The
membrane separates a simulacrum of the carbonic Hadean Ocean from the reduced H-
2-bearing alkaline hydrothermal ﬂuid (Fig. 2). The reduction of the carbon dioxide is imag-
ined [16] as a reversal of hydrogenlyase activity as described by Andrews et al. [44]. Carbon
dioxide diffuses into the membrane at the same time as the hydrogen diffuses out and
meets a nickel-bearing [NiSFeS] mackinawite that, acting as a protohydrogenase, splits it
into two electrons and two protons. The protons are attracted back to the alkaline interior
while the electrons are conducted along sulﬁde nanocrysts toward an adsorbed molybde-
num [MoIV] (brown circle) sulﬁde or selenide entity. Here the CO2 and one proton are re-
duced to formate as the molybdenum is oxidized to MoVI while the two transient protons
migrating down gradient stabilize redox cycling. Water activity is kept low by pyrophos-
phate, recharged through acetyl phosphate thermally and/or by protons, catalyzed by iron
sulﬁdes [77]. An alternativemodel could have involved bifurcation of two electrons downhill
to a high potential electron acceptor and two electrons uphill to carbon dioxide [45,46].
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chambers and mineral membranes of inorganic precipitate mounds, of
FEC processes that produced and maintained these two “founding”
disequilibria, CO2 versus H2 and that of methane vs. NO3−, NO2− and/orFig. 8. Diagram drawn with Geochemist's Workbench [114] showing how phospho-
anhydride (PPi) can form from orthophosphate as pH and water activity are lowered,
as to be expected in the inorganic membrane (cf. Fig. 7) [32].FeIII/3+, and MnIV/4+/3+, and that of pyrophosphate vs. orthophosphate
plus acetyl phosphate [14,17,32,41–43]. Our general reasons for believ-
ing that these two classes of disequilibria could plausibly have been
driven into existence within themicro-compartments of the serpentine
hydrothermal precipitatemounds by the candidate driving disequilibria
earlier identiﬁed are reviewed next.
As has been argued elsewhere [16,18,24] the ambient proton gradient
acting through the molybdenum-bearing inorganic membrane could
theoretically drive the hydrogenation of carbon dioxide to produce for-
mate in a reversal of the molybdenum-dependent, proton-translocating
formate hydrogenlyase system [44] (Fig. 7). This is a process that should
have improved on the merely geochemical/hydrothermal production of
the ~150 μmol of formate per kilogram of hydrothermal solution issuing
from the vent [27]. An indication of an alternative or additional way that
formate may have been produced is given by the operations of
Acetobacteriumwoodii [45]. This bacterium overcomes the energetic bar-
rier of CO2 reduction to formate through the use of soluble electron-
bifurcating enzymes of which more later [45–47]. The formate formed
within the membrane could have diffused into the alkaline interior of
the compartments, possibly facilitated by the ambient proton ﬂow,
where, at the high pH, it would convert to CO [24].
A further, and perhaps predominant use of the proton gradient
could have been to drive the synthesis of pyrophosphate from ortho-
and acetyl-phosphate [15,42,48] (given that at the very origin of life
the proton motive force was an ambient condition, i.e., the coenzyme
Q pool and cytochrome C were not required inventions before protonic
energy could be put to work [49]) (Fig. 8). Various phosphorylations
could ensue on mineral surfaces in the conﬁned spaces in the inorganic
membrane such as the pyrophosphate-driven phosphorylation of
formate to formyl phosphate [15,50]—the activated state reactive with
intermediates produced through methane oxidation [17]. Methane ox-
idation to various C1 organic intermediates, including a methyl group
and formaldehyde, may have been effected through the action of exter-
nal electron acceptors such as NO3−, NO2−, Fe3+/III and MnIV/4+/3+
[17,32,41,43]. Iron sulﬁdes such asmackinawite (FeS) in themembrane
could have acted as the conducting wire [17,51–53] and molybdenum
clusters could have acted to catalyze these reactions in the membrane
[17]. Thiolated,we can imagine amethyl group reactingwith the COde-
rived from formate on a nickel iron sulﬁde cluster with a comparable
stoichiometry with greigite (Fe5NiS8) [54,55]—a cluster afﬁne with the
active center of CODH/ACS [56,57]—thereby producing activated ace-
tate as implied by the Huber–Wächtershäuser experiment [58]. We
have argued that such nanocrysts likely acted in many catalytic roles
as the precursor components of the redox protein construction kit
[24,59–61]. Further hydrogenations of acetate through pyruvate to the
higher keto and carboxylic acids catalyzed by the 4Fe4S cubanes of
the greigite cluster should ensue in a comparable path to the incom-
plete reduced TCA cycle [62]. Some of these products might then be
aminated to amino acids [63]. In turn these amino acids could be phos-
phorylated within the membrane where water activity was low and
there, again driven by the ambient proton motive force, be condensed
to peptides [48,64].
Once these amino acids were present within the compartments'
mineralwalls they could condense to short peptides on themineral sur-
faces [65], a process driven by the hydrolysis of pyrophosphates. In
doing so they would strengthen the inorganic membranes and perhaps
eventually take over their role while retaining the inorganic materials
as catalysts aswe shall see below [53,66,67]. In lieu of proteins, peptides
are likely to have been the ﬁrst workhorses of metabolism. As such they
could have nested the inorganic clusters that otherwise were mineral
constituents of the compartment walls; for example, single metal ions
such as of Ni and Co, thiolatedmetal sulﬁdes [48,68,69]. A further exam-
ple is a peptide nest for phosphate and pyrophosphate [48,67,70]. Two
aspects of signiﬁcance to the emergence of metabolism spring from
this: i) one can imagine a feedback mechanism or virtuous circle in
which pyrophosphate condenses short peptides that in turn sequester
Fig. 9. The symbols C0/+ stand, respectively, for the reduced and oxidized forms of the
protein's [3Fe4S] cluster, and the symbols Bin/out stand, respectively, for the inward and out-
ward facing orientations of the carboxylate Oδ atom of the nearby Asp15 (D15) residue [79].
In the “forward”direction, inwhich the electron (redox) gradient is driving proton transloca-
tion (counter-entropically) the reaction proceeds counter-clockwise around the diagram as
indicated. In the presumed ground/starting state, the D15 carboxylate moiety is
unprotonated (and thus carries an effective negative charge) while the adjacent FeS cluster
is oxidized (and is positively charged). In that state the electrostatic attraction between the
twodraws theﬂexible carboxylate (itsOδ atom) into the protein interior toward the “buried”
FeS cluster and away from the surrounding interior medium (the “in” conﬁguration for B).
That is, when unprotonated the carboxlyatemoiety faces ‘in’ toward the adjacent FeS cluster
when the latter is oxidized (positively charged), but is turned out into themediumwhen the
FeS cluster is reduced by an incoming electron (delivered by a redox donor “half-reaction”).
In that latter orientation the D15 carboxylate group could bind a proton. In the resulting
charges state it ‘oscillates’ rapidly between its in-and-out orientations. In thismotion the car-
boxylate acts as a shuttle, able to ferry theproton over the ‘non-conducting’barrierwhich sits
in the channel between the interior and the FeS cluster. However, in its ‘interior’ orientation,
the carboxylate can pass the proton to the then nearby FeS cluster fromwhich, given that the
electron driving ﬂow has given it permission, free to dissociate into the “exterior” medium
(see the mechanistic model below for a suggestion as to how this comes about). Finally the
C0~Bin form can, after it has given the proton leave to pass from the FeS cluster to the “exte-
rior”, loose its electron to the redox reaction's electron acceptor and return to its oxidized
state with the Asp15 carboxlylate facing inward. Hydrothermal hydrogen is the electron
source, freed on the nickel-bearingmackinawite acting as a proto-hydrogenasewhile the re-
leased protons react with the hydroxyls within the mineral compartments.
70 E. Branscomb, M.J. Russell / Biochimica et Biophysica Acta 1827 (2013) 62–78the phosphates, the better to be condensed by protons coming through
the membrane and shuttled into the nest via the carboxylate terminus
in what is now a site of even lower water activity, the ﬁrst inklings of
a H+-pyrophosphatase [40]. The adsorption to mineral surfaces of the
C and N termini of short peptides depends on the pH, and variation in
pH causes conformational changes as well as loss and gains of certain
ions. These two aspects could both operate at the same time. For exam-
ple, while themain chain amine groups could sequester the phosphates,
any side chain carboxylates could anchor the peptide on a mineral sur-
face [71]. Such a conﬁguration may leave a part of the heterochiral and
ﬂexible peptide subject to the charges on proximate ions—changes in
conformation that might be useful for shuttling charged entities from
one site to another and also acting as gates, levers and even turnstiles.
We consider here the potential of such conformational variations to
act, as they do in many contemporary examples, as one type of free en-
ergy converter mechanism as considered in the following section.
Most of the reactions discussed so far are exergonic at the partic-
ular pH values obtaining across the membrane spanning from around
pH 6 to pH 11 [38,39] but these only take us so far along the path to-
ward metabolism with its autocatalytic feedback loops and free ener-
gy conversions.
2.4. The hard step
The preceding discussion outlines what we believe can currently be
said about the possible FEC mechanisms that must have arisen, to initi-
ate the emergence of life, in the alkaline hydrothermal mounds of the
Hadean. With some conﬁdence we can propose what chemical disequi-
libria needed ﬁrst to be generated, andwhat disequilibria were available
as potential drivers for them. And we can see that within the geochem-
istry of the serpentinization-driven mounds there are many inviting
possibilities as to how the needed FEC turnstile coupling devices could
have arisen abiotically. The big leap remains before us, however: what
exactly were the pairings of driver to driven, and what exactly were
the turnstile mechanisms that made these primal FEC processes work?
In the ﬁnal section we present some general considerations about FEC
processes which we hope will be of some help in guiding future efforts
to address these deep questions. What kinds of beasts exactly are we
looking for and where might we hope to ﬁnd them?
3. What types of physical mechanisms mediate chemical FEC—and
how do they arise in nature?
We begin this section by considering in some detail a small number
of speciﬁc examples of real-world chemical free energy converting de-
vices. From these we attempt to extract guiding considerations in the
search for the mothers of all biological free energy converters. But we
emphasize at the outset of this discussion two points. First, the systems
discussed below are all examples of FECs that use “pre-existing” or
“templated” macroscopically ordered structures to couple driver and
driven disequilibria and therefore do not need to create and maintain
their own—as do, in contrast, the directly “self organizing dissipative
structures” discussed in the opening section (e.g. convection cells).
The ﬁrst example is biological and exempliﬁes that whereas living
systems are certainly autocatalytic “self organizing dissipative systems”
they are so “organismically”, and as replicating organisms, each one
of which is a vast clockwork of linked FEC processes. The individual
FEC devices within are each produced by the indirect processes of bio-
logical encoding and cellular reproduction and are only indirectly
autocatalytic—through the contribution each makes to the organism's
overall function as a replicating FEC. The second is that the essential
feature of FEC is that the driving disequilibrium must be natively
“frustrated” in its natural drive to dissipate itself—not necessarily
completely but “sufﬁciently” (a river not “frustrated” behind a dam is
useless to would-be power producers) [25]. In that situation the FEC
mechanism offers to help, but, of course, at a price. In any case, oneelement of our hunt is to ﬁnd how the potential driving gradients
were naturally frustrated, and then how the production of desired
“product” disequilibria could have become mechanistically linked to
the “gated” and controlled relief of that frustration.
3.1. The Ferredoxin I protein
The ﬁrst example considered here is the Ferredoxin I (FdI) protein, a
representative biological FEC device which mediates proton transloca-
tion anti-entropically (as the disequilibrium-creating driven reaction)
using a redox reaction as the driving disequilibrium; in this system,
that is, an electron ﬂow and a proton ﬂow are reciprocally coupled
[78–80]. An obvious reason for focusing attention on this FEC enzyme,
apart from its relative simplicity so far as biological FEC-mediating de-
vices go, is that Fe4S4 and Fe3S4 clusters were probably readily available
in thehydrothermalmoundwhere, in the absence of peptides, they con-
tribute to the mineral greigite—~Fe5NiS8 [52,55]. Furthermore, short
peptides generated in the inorganic membrane would be expected to
nest such thiolated iron–sulfur clusters [48,67,81,82] and a C terminal
carboxylate could stand in for asp15 to deliver protons from the inner
Fig. 10. Mechanism schematic in state 1.
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terior are supplied to the iron sulfur clusters comprising a nickel-bearing
mackinawite (2FexNi1−x2S)n which may have acted as an Fe–Ni proto-
hydrogenase [16]. And although for our present purposes we are clearly
not seeking ameans of pumping protons at redox expense, we note that
the FdI redox-driven proton pumpwould operate in reverse (as do, e.g.,
ATP synthases [83]), if the thermodynamic strengths of the two appos-
ing gradients were reversed in their relative magnitudes. That is, the
samemechanism could allow a proton gradient to drive a reduction re-
action endergonically, and it is in this direction of use that primitive abi-
otic versions of such devices as the FdI protein might have been
employed within the mound.
But to follow up on the possibilities suggested by such examples of
chemical FEC mechanisms as the FdI protein we need, for example, to
concretely explicate how the Fe4S4 and Fe3S4 clusters in the inorganic
membranes of the “Lost City”mounds could have functioned as primi-
tive, entirely abiotic versions of the extremely sophisticated FEC mech-
anisms in modern enzymes in which we ﬁnd like clusters being used.
To better confront this question we present next a detailed mech-
anistic model of the FdI FEC which, to the extent possible, is based di-
rectly on the ﬁndings of Chen et al. [79]—though to permit a model of
the complete FEC process to be framed, some modest extrapolations
beyond that paper are required.
3.2. A Hill diagram for the FdI FEC
Themodel is presented in two stages. In theﬁrst, a “Hill-type” reaction
diagram [2] of the model is shown and discussed (Fig. 9). For simplicity
we have assumed in this diagram that the process takes place with the
two ﬂows “maximally coupled” [1], with no “slippage” or back reactions
considered so that the ﬂows are stoichiometrically locked; that is with
one proton translocated for each electron driven through themechanism
by the driving redox reaction. In other words, as here imagined, the dou-
ble turnstile mechanism implicit in the reaction scheme enforces perfect
discipline on the two ﬂows it links: an electron is never allowed to sneak
downhill without paying its proton pumping ‘probability’ tax, nor are the
protons allowed to ﬂow ‘back’ downhill without the coincident event of
an electron moving ‘uphill’ against its redox gradient. The real world, of
course, is never so tidy. However, in the maximally coupled approxima-
tion the reaction scheme is a simple cycle with, e.g., one electronmoving
from its redox donor to its redox acceptor, and one proton ion being
translocated from the ‘inside’ to the ‘outside’ for each traverse of the cycle.
There are two important functional features of this cyclic reaction
diagram. First andmost essentially, that the reactions occur sequentially
in the order indicated. That is, in the model, proton uptake can take
place only after electron uptake, the “in–out” ﬂipping of “B”, the carbox-
ylate moiety, can only occur after the uptake of a proton from the
membrane-deﬁned “inside”, etc. It is these sequencing requirements
that enforce the conditionality that provides the essential coupling fea-
ture of an engine (or FEC). Basically, the mechanism says to each indi-
vidual electron champing at the bit to be allowed to ﬂow downhill
from the low voltage redox donor to the high voltage redox acceptor:
“I will give you passage if and only if coincident with the event of
your passing ‘through’ the FeS cluster, a single proton is translocated
(by sheer Brownian chance) against its entropic will from the interior
to the exterior”.
Of course, the reaction diagram implies more than this; in particular
that the cycle could be reversed, whereby a proton would make its
way from the outside to the inside only if an electron has, by improbable
chance, reduced the deprotonated FeS cluster by coming from the redox
acceptor sitewhen the centerwas positioned so that it could also take up
a proton from the outside; then followed by that proton “hopping” to the
unprotonated carboxylate from which it could be ferried across the
non-conducting zone from which it could be released into the interior;
but that step could take place, presumably, only if the electron on the
cluster would have ﬁrst made the unlikely (anti-entropic) transitionfrom the cluster to the redox donor—reducing it. On the other hand, if
a net entropy gain were to be had by thus driving the cycle “in reverse”
(with the protonﬂowing “in”being the driver of theﬂowof electrons up-
hill from redox acceptor to donor, then that is the direction in which the
cyclewould in fact run—and the enginewould be using a proton gradient
to drive a chemical reduction. Boltzmann rules!). Implicit in this diagram
is that none of the other reactions that could occur between the repre-
sented nodes actually do occur. This simplifying approximation is
adopted here just to focus on the essential details of the machine; in
practice they contribute ‘slippage’ and reverse ﬂow paths that reduce
the efﬁciency of free energy conversion [2].
The next question to address is what speciﬁc mechanism details of
the protein's construction and operation would be necessary to accom-
plish the above cyclic reaction sequence. For this the Chen et al. contri-
bution [79] offers most, but not all, of the answer, so a bit of guessing is
required. Of necessity, this Hill-type reaction diagram summarizes a
version of ‘what happens’ in the coupling of electron and proton trans-
port but leaves unaddressed how it happens. To address this question,
we next present a graphical “mechanistic”, schematicmodel purporting
to represent the functional essentials of the design and operation of the
converter. As indicated, this requires making some assumptions that go
beyond the explicit content of the current literature [78–80]—in partic-
ular concerning the transport and gating, “turnstile” mechanisms
effecting the electron transport through the converter, though we be-
lieve, these added assumptions are entirely implicit in the cited papers.
In this schematicmodel, the “double turnstile” operation of the convert-
er is not merely evident, but is mechanistically literal.
3.3. A mechanistic model for the FdI FEC
In Figs. 10 and 11 we present a mechanistic model of FdI which
forms, we propose, a plausible realization of devices that would achieve
the above coupling reaction scheme. Most of this model is taken essen-
tially directly fromChen et al. [79], but a fewdetails, having in particular
to do with the gating of the electron ﬂow, and by that ﬂow the recipro-
cal gating of the proton ﬂow, are to one degree or another ‘extrapola-
tions’. However, we think that the real device must be essentially
equivalent to this model in functional terms. After showing the model
schematic in a presumed ‘start’ conﬁguration, and giving some explana-
tion of its machinery (Fig. 11), we then present at small scale (Fig. 12) a
Fig. 11.Mechanism schematic; the FdI reaction cycle involving the gated transfer of protons is represented in 9 sequential diagrams labeled 1 through ‘9=1’, of which the ﬁrst 8 are different
and the 9th is identical to the ﬁrst—indicating the completion of the cycle (cf. references [79] and [91]).
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(in this representation two of the transitions in the Hill diagram are
each resolved into two distinct sub-steps).
There are two ‘moving parts’ in this schematic diagram, the red box
and the orange pentagon (both of whichmove under Brownianmotion
and together form a coupled pair of “Brownian ratchets”). The red box
attached to the lever arm represents the ﬂexible carboxylate moiety ofthe D15 residue; it can rotate between the “buried” position shown
and a position in which it is facing “downward” into the interior medi-
um. The orange pentagon represents the 3Fe4S cluster with its two
binding sites indicated: the left (West)-facing pink box binding H+,
the NE-facing smaller yellow box binding electrons. The cluster can, it
is posited, ‘rotationally ﬂex’ between (1) the orientation shown in
which it can accept an electron from the redox donor and then, after
Fig. 12. Experiment modeling the behavior of DNA in a thermal gradient acting across a compartment at the left hand surface of the hydrothermal mound depicted in Fig. 5: (a) the DNA
molecules are driven to the right by thermal diffusion and then driven downward by the convection to concentrate at the cool base; (b) illustration of how a natural convective polymerase
reactionwould operate in the same compartment. This “foundart” Free Energy Converter could only come into play aftermetabolismhad reached the stage of generatingnucleotides aswell as
peptides.
From reference [85].
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carboxylate when the latter bears an H+—and (2) an orientation in
which it can release a bound H+ to the exterior medium—becoming
again neutral, and, following that, release its electron into the channel
leading to the redox acceptor (becoming again oxidized and positively
charged). The channel connecting the interior and exterior spaces is
blocked (is non-conducting) to H+ translocation in its central portion
indicated by dark gray shading. To cross this barrier, protons must be
‘ferried’ over it by being attached to the carboxylate moiety. Electron
ﬂow (electrons are represented by small blue circles with interior “–”
signs) proceeds from the redox half reaction donor site (upper right
box in yellow) through a channel indicated in blue to the FeS cluster
to initiate the cycle, and, at the end of the cycle, from the cluster via
the lower blue channel to the redox half reaction acceptor site (lower
right box in brown). An electron cannot navigate this path unless
gated through the FeS cluster by the movements of the FeS cluster—
which are controlled by the passage of protons into and out of the
cluster.
In the following discussion of the operation of this hypothetical
mechanism, we key the steps discussed to the individual numbered
“step-by-step” diagrams in Fig. 11 using a curly bracket “{n}” notation.
In the conﬁguration shown {1}, the carboxylate is unprotonated and
hence bears a (polar) negative charge while the FeS cluster is oxidized
and hence bears a positive charge. The electrostatic attraction produced
by this charge conﬁguration draws the ﬂexible carboxylate moiety into
the protein's occluded channel “interior” and holds it in close proximity
to the H+-accepting site of the FeS cluster—and also draws electrons
into the cluster from the donor channel.When the FeS cluster is reduced
{2} it is (approximately) electrically neutral leaving the carboxylate
moiety free to oscillate between its buried and medium-exposed posi-
tions. In the latter it can attract (electrostatically) a proton from the
proton-conducting channel leading from the “interior” and become
charged with H+ {3}—and have then an approximately neutral charge.
In this state it can freely (without charge interference) rotate into the
interior, and when there {4} has a signiﬁcant probability of transferring
its proton, via QM tunneling, to the FeS cluster {5}. When that happens
the carboxylate is again negatively charged and the FeS cluster has an
effective positive charge. To this point, the picture is, we consider, es-
sentially just a summary of the conclusions of Chen et al. [79].
However, for the machine to actually function as a proton pump
driven by the redox electron gradient, it must be possible for the proton
associated with the reduced FeS cluster to dissociate into a proton-conductive channel exposed to the exterior, and after that, but only
then, for the electron bound to the cluster to dissociate into an electron
conductive channel leading to the redox acceptor. These two steps ap-
pear to require, either literally, or in effect, that when the FeS cluster is
both reduced and charged with a proton (so that it's effective charge is
positive and the now deprotonated carboxylate is negative) this charge
conﬁguration permits the FeS cluster to “ﬂex” (partially rotate ‘clock-
wise’ in the diagram) to an orientation that exposes its H+-site to the
exterior medium and its electron site to the channel connected to the
redox acceptor {6}. If the proton then dissociates from the cluster into
the exterior {7} the bound electron is, in that conﬁguration, freed to dis-
sociate into the electron conductive path leading to the redox acceptor
{8}. In this state both the carboxylate and the FeS cluster are uncharged
and the cluster is oxidized—so, we presume, the cluster is free to (and,
due to the charge attraction, biased to) return to its starting orientation
with the deprotonated carboxylate attracted into its “buried” position
opposite the FeS cluster—and with that return the entire machine to
its original state {9=1}.
Notwithstanding this long-winded mechanistic tale, the FdI protein
is an example of a relatively simple class of biological FEC mechanisms,
due mostly to its simple operational stoichiometry of coupling the pas-
sage of one proton to the passage of one electron. Yet clearly it is at the
same time far too complicated and “evolved” to be in any direct way a
model of what could have arisen abiotically. On the other hand, it is
hard to overlook the suggestions implicit in the similarities noted
above between the chemistry of the alkaline hydrothermal mounds
and the central molecular devices of FdI and, indeed, of essentially all
other biological FECs whose mechanisms have been elucidated. Are
modern protein-based FEC devices just the evolutionarily tricked-up di-
rect descendants of vastly simpler “ancestral”, entirely abiotic, and at the
root purely geochemical, machines? If this is plausible, how exactly
might such progenitors have arisen? What would they have looked
like? Are there suggestive examples in the present world of similar sim-
ple FECs to be found outside of life's sphere (or indeed within it)?
To pursue this question a step further we ﬁrst recognize that even if
we could see how to abiotically couple speciﬁc redox and concentration
disequilibria in a driver–driven FEC pair, that would not meet all of our
requirements.We are therefore interested in anymechanism thatmight
couple either of the two types of driver disequilibria we have identiﬁed
(the geochemical proton gradient and, for example, the H2+CO2 redox
gradient), to either of the two candidate driven disequilibria (generating
formate and pyrophosphate). And it would certainly be helpful, if the
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semi-permeable membrane-based compartmentalization, redox active
centers, etc., needed, but also, in abiotic form, and as “found art” (so
far as our coupling needs are concerned), the turnstile devices required
to drive the speciﬁc FEC processes we have identiﬁed as essential. We
explore this possibility brieﬂy in the following section.
3.4. Is it possible that it all began with “found art” FECs?
All biologically ‘encoded’ FEC mechanisms, such as the FdI protein,
straddle the pivotal distinction made by Cottrell [7], and discussed in
the opening section, between FECs that are directly “self emergent”
and those that are “templated” or “facilitated” (by pre-existing struc-
tures); they are the former at the organism/evolutionary level and the
latter at the molecular machine level. But this magically potent strad-
dling trick would not have been available to the ﬁrst bio-FECs, so on
which chair would they have sat? It is possible to suppose that the
ﬁrst bio-FECs arose as fully “self organizing dissipative structures”—i.e.
as a chemical analog to tornadoes and hydrothermal convection cells,
generating their own turnstile machines “out of thin air” under the
goadof an extremely far-from-equilibriumgradient—and being fully au-
tocatalytic as individual machines from the outset.
But this seems a hard stretch and also to unwisely overlook the pos-
sibility of a “facilitated/templated” beginning to bioenergetics afforded
by the true Valhalla of macroscopic organization that the alkaline hy-
drothermal vents generate. As we have seen, these systems are orga-
nized and structured in seemingly every sense and manner one might
desire: physically (compartments and membranes in vast and regular
arrays at the ~10 micron level; the formation of a semi-permeable
boundary between ~100 °C vent efﬂuent and the cool Hadean sea),
chemically (the great disequilibria embodied in highly concentrated
and spatially differentiated chemical compositions; hydrogen, methane
ammonia and bisulﬁde in the hydrothermal solution presented in or-
dered manner to the carbon dioxide and phosphate in the ocean); and
geochemically (e.g. the FeS clusters of mackinawite (FeS) acting as a hy-
drogenase and Rieske cluster, greigite (Fe5NiS8) as a precursor to the
low and high potential ferredoxin, aswell as ACS/CODH, amolybdenum
cluster Mo3IV/VI Fe5S140/2− acting as an electron bifurcating enzyme)—all
intercalatedwithin and comprising thewell-orderedmineral structures
of the inorganic precipitate membranes [16,84].
To see what possibilities might lie in this direction we next brieﬂy
examine the nature of “found art” FEC systems. Could the serpentine
mounds have “unwittingly” provided not just the driving gradients,
the compartments, and the reactants for the required driven gradients,
but also the speciﬁc organized structures needed to tie driver and driv-
en processes together into just the functioning FEC devices required by
proto-biology? If that is indeed what happened, then the alkaline hy-
drothermal vents and their precipitate mound are rightly to be indicted
for having themselves provided everything needed to set inmotion, and
direct, the greatest qualitative transition in the behavior of matter ever
to have occurred.
3.5. FEC for the taking
As noted in the introductory section, many naturally occurring FEC
systems exist which exploit preexisting “macroscopically ordered
structures” that have arisen through unrelated FEC processes [7].
These structures are used, more-or-less as found, to mediate the linking
of driven to driver processes essential to FEC—which therefore do not
need to be generated by the driving gradient itself; they are simply
“there for the taking” so far as the subject FEC process is concerned.
For this reason, as also noted earlier, strong, far-from-equilibriumgradi-
ents are not required to get engines in this class started (even those that
have, once started, strongly amplifying autocatalytic properties), and
quite modest gradients often sufﬁce [7].Natural examples in this class are numerous and include, for example,
a variety of so-called electrokinetic phenomena such as thermophoresis,
i.e. the Soret effect and its inverse, the Dufur effect. See also the examples
from materials physics described by Cottrell [7] involving structural col-
lapse, plastic deformation, and crack propagation; mechanisms that are
likely to be relevant to the action of the serpentinization process itself
as a FEC converting mechanical stress into the physical and chemical
disequilibria that, we conjecture, make the serpentine mounds the incu-
bators of life.
A striking and relevant example of “found art” FEC involves a
thermophoretic ﬂow interacting with a convective engine—and func-
tioning as a highly “compound” system inwhich no less than six coupled
ﬂows are involved. The superimposed thermal gradient drives both the
convection cell and thermal diffusion ﬂows; these in turn interact to
drive the production of a concentration gradient along the system's
long axis—leading in turn to polymerization and amolecular species dis-
equilibrium [35,85] (Fig. 12). The convective polymerase chain reaction
generates long charged polymers of DNA (andpredicted for RNA)which
are then driven toward the coolest reaches of a compartment or series of
interlinked compartments. Thismight set the scene for the development
of variation and selection of what would have been effectively retrovi-
ruses living off metabolic energies [38,87,88].
But perhaps the most interesting possibility in regard to the poten-
tial role of “found art” FEC devices in the origin of life—“art” generated
speciﬁcally by the serpentinization process—arises in connection with
the fact that one of the key driving disequilibria we have identiﬁed in-
volves the oxidation of H2. Here the point is that H2 oxidation offers a
remarkable thermodynamic gift in that it can yield up pairs of electrons
in a single FEC ‘step’. In this two-electrons-at-a-time circumstance
speciﬁc turnstile mechanisms can arise which permit one electron to
undergo an entropy-gaining transition—and thus be a “driver” process
—only if its partner electron undergoes an entropy-loosing transition—
and is thus a “driven” process; in consequence the free energy gain of
the driven electron can be much higher than would be possible in an
otherwise comparable single electron redox reaction. This remarkable
trick is called “electron bifurcation” and its possible role in the ‘abiotic’
emergence of bioenergetics will be discussed next.
3.6. Electron bifurcation
The bifurcation of electrons in the Q cycle was ﬁrst deduced by
Mitchell as a mechanism to explain the operation of the proton motive
force and chemiosmosis [89,90]. And since, Brandt [91] has described
a proton-gating charge transfer mechanism that drives a two-phase
electron bifurcation electron ﬂux in the Q-cycle. It is, in effect, a “turn-
stile gating” mechanism—that couples the two ﬂows and makes the
wholemachine a Free Energy Converter. Since these breakthroughs, ﬂa-
voproteins have recently been added to those organic ring complexes
capable of accepting two electrons and two protons from a hydrogenase
and dispensing them to electron acceptors of contrasting potentials
[86,92,93]. Electron bifurcation also promotes the reduction of electron
acceptors that otherwise have too low a potential themselves to attract
an electron. In the so-called crossed-overmode a pair of electrons can be
almost simultaneously drawn toward different electron acceptors—the
ﬁrst a high potential entity and the second at a low potential
[16,93,94]. The signiﬁcance of the process is that a low potential accep-
tor can accept the high energy electron left in the same orbit if the ﬁrst
electronwas lost to an irresistible high potential acceptor. In biochemis-
try the two contrasting acceptors are often a low potential ferredoxin
and a high potential organic heterodisulﬁde. However, at the emergence
of life the two acceptors might be on the one hand photolytically gener-
ated ferric iron and MnIV/3+ or volcanic nitric oxide/nitrate/nitrite
[21,41,43,95] and on the other the recalcitrant CO2 molecule (Fig. 6).
The ﬁrst electron could not be abstracted until a high potential acceptor
was contacted. As the oxidized nitrogen anions and/or iron (III) or man-
ganese (IV) cations that had the potential to attract one electron would
75E. Branscomb, M.J. Russell / Biochimica et Biophysica Acta 1827 (2013) 62–78have been sparse relative to thehigh concentrations of carbon dioxide in
the Hadean Ocean (~200 mM at a 10 bar pressure) the second “hot”
electron could now discharge to the almost all-enveloping CO2.
But what could have acted in the prebiotic world in the place of the
organic complexes involved in the present day cofactors? Molybdenum
(and tungsten at higher temperature) in dithiolenes can probably elicit
a similar response to electron acceptors of contrasting potential [17].
Molybdenum is known for its catalytic properties in chemistry and as
a redox enzyme in an extraordinary number of biochemical roles and
across the whole range of electrobiochemical potentials [96–98]. It is
most effective in both roles when ligated with sulfur [99]. Although it
is a rare element, especially in cool reducedwater, it is relatively soluble
in alkaline bisulﬁde solutions (as is tungsten) while other transition
metals are not [84,100,101]. Hence it is likely to have been precipitated
in a submarine hydrothermal iron sulﬁde-rich mound, perhaps as
Fe5Mo3S14 (or Fe2MoS5 or Fe3Mo2S9) [84]. Vorlicek et al. [102] suggest
that the precipitation of molybdenum from anoxic sulﬁdic waters may
involve zero-valent sulfur. Notably, polysulﬁde (S08) is an expected con-
stituent of the early Earth's atmosphere [103] and, given bidentate sul-
fur ligands, we might expect molybdenum to be readily oxidized or
reduced (Mo1V⇔MoVI) in such an inorganic cluster precipitated in
the membrane [102,104]. These considerations suggest that molybde-
num, complexed with iron and sulfur, perhaps as Mo3IV/VI Fe5S140/2− [84]
and in contact with the iron sulﬁde clusters, may have provided the
FEC “turnstile” needed to tie proton translocation—or alternatively H2
oxidation—to CO2 reduction (Fig. 7).
In any case, one of the external high potential electron acceptors is as-
sumed to have abstracted an electron fromamolybdenumdithiolene act-
ing as a two electron source (ultimately derived from H2 and prior to the
invention of quinones and pterins) such that the remaining bifurcating
“hot” electron had the free energy to reduce CO2 to formate [16,17,93].
Thus we speculate that a Fe5Mo3S14 cluster precipitated in the inorganic
membrane and capable of bifurcating electrons was the precursor to the
Complex-Iron–Sulfur-Molybdoenzymes (CISM) prior to the emergence
of the pterins [97]. In this form molybdenum may have been involved
in the reduction of carbon dioxide to formate in what was to become
the so-called “western branch” of the reductive acetyl coA pathway, a
pathway common to both the tetrahydromethanopterin and the
tetrahydrofolate catalyzed “eastern branch” of the acetyl coA pathway
[105].
4. The segue from free proton gradient usage to
full blown chemiosmosis
Section 3 outlines examples of how the serpentine mound precipi-
tates (themselves the product of geochemical FEC processes) could
have ‘inadvertently’ provided the organized macroscopic turnstile
mechanisms needed to effect the transitional FEC processes on the
road to life. The critical initial conditions are the “free” provision of ther-
mal, redox and, of course, the proton gradients. How thenmightwe rec-
oncile the use of the ambient proton gradient to get life started with
whatMulkidjanian and colleagues have called the “evolutionary prima-
cy of sodium bioenergetics” [106,107]. To avoid misunderstanding we
emphasize the need to distinguish the two fundamental FEC aspects
of the chemiosmotic hypothesis: its generative, ion-pumping aspect,
which drives the production of a trans-membrane ion gradient, and
its consumptive aspect through which that gradient is put to useful
work in the cell,most universally, to drive the production of the ATP dis-
equilibrium. At its origins in the hydrothermal mound, we posit, a pro-
ton gradient was made available “for free” and only the consumptive
portion of the chemiosmotic cycle needed at that point to be invented
(speciﬁcally, we propose the FEC mechanism necessary to allow that
gradient to drive the endergonic condensation of pyrophosphate).
Thus in this model, the generation of pyrophosphate within the super-
ﬁcial chambers of the mound, driven by the ambient proton gradient is
a given of the initial conditions. No pump, neither proton nor sodium,was required to generate condensed phosphate at this early stage of de-
velopment. Pumping only became necessary for a metabolizing com-
partment when it became separated from the natural proton gradient
through superimposed precipitates on the mound's margin. Only then
did the protocell have to start making its own gradient using whatever
free energy resources were still available to energize the pump. While
the pH gradient would have been dissipated just beneath the mound's
outer surface, the metastable high potential electron acceptors were
likely still available so that any abundant small cation could be pumped
using electron currency in themanner described in Section 3.3. That this
was likely sodium asMulkidjanian and colleagues have suggested is be-
cause there would have been no sodium gradient to resist [112] and
anyway the early membrane would have been less permeable to sodi-
um ions than to protons, the better to maintain the imposed gradient
and put it to use [106]. Indeed, a sodium ion can replace protons as ex-
empliﬁed in A. woodiiwhere a sodium-motive ferredoxin:NAD oxidore-
ductase (Rnf) is responsible for the Na+ translocation in a process that
involves electron bifurcation [45]. We can imagine an induced sodium
gradient taking over from the ambient proton gradient and while the
NAD protein cannot be appealed to at the emergence of life, iron sul-
ﬁdes do have an afﬁnity with sodium as evidenced by erdite
(Na+Fe3+S22−·2H2O) [113], a mineral cluster produced in hot alkaline
solution that could conceivably have taken on a comparable role to
the FdI protein.
This adversity having been met left the offspring of such cells much
better equipped to face the diasporawhere they could use either sodium
or proton pumping or both depending on ambient conditions. However,
looking backwe can see that the consumption side of the chemiosmotic
mechanismwas there from the beginning and never lost and is the sin-
gle thread that links the ﬁrst metabolizing protocells with all modern
cellular life.
5. Conclusions
Bioenergetics is the antidote to what the late Bob Shapiro termed
‘molecular vitalism’, a cast of mind held in thrall to the information
age and guiding most of the research into the origin of life. Leduc's
‘Mechanism of Life’ reminds us that it was not always thus. Reaching
across a century he remarks “All living things consist of closed cavities,
which are limited by osmotic membranes, and ﬁlled with solutions of
crystalloids and colloids. The study of synthetic biology is therefore the
study of the physical forces and conditions which can produce cavities
surrounded by osmotic membranes, which can associate and group
such cavities, and differentiate and specialize their functions. Such
forces are precisely those which produce osmotic growths, having the
forms and exhibiting many of the functions of living beings. Of all the
theories as to the origin of life, that which attributes it to osmosis and
looks on the earliest living beings as products of osmotic growths is
the most probable and the most satisfying to the reason”…. “During
these long ages an exuberant growth of osmotic vegetation must have
been produced in these primeval seas. All the substanceswhichwere ca-
pable of producing osmotic membranes by mutual contact sprang into
growth, the soluble salts of calcium, carbonates, phosphates, silicates,
albuminoid matter, became organized as osmotic productions, were
born, developed, evolved, dissociated, and died. Millions of ephemeral
forms must have succeeded one another in the natural evolution of
that age, when the living world was represented by matter thus orga-
nized by osmosis”.
Bringing these ideas onto a modern stage we develop the view that
life sprang into being as the free-energy-converting spawnof a planet it-
self born far from thermal, geochemical and electrochemical equilibri-
um. By 4.4 billion years ago Earth was somewhat (photo)oxidized
(H2O>CO2>NO~S0>Fe3+>FeIII/3+>MnIV/4+/3+) and cool on the
outside and reduced (FeII≫FeIII) and hot on the inside. Hydrogen ema-
nated from the interior and amildly acidic carbonic ocean enveloped the
planet. The chemical (H2 vs CO2) and electrochemical (proton and redox
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planet, extremely slowly. While life emerged as one of the planet's
mechanisms for accelerating the rate of dissipating these disequilibria
(equivalently its rate of entropy production), biochemistry should not
be thought of as faster or better equilibrium chemistry, as often as-
sumed—it is qualitatively different. It is not enough, in other words, to
add ΔGs and be contented when the sum is negative. There is a need
to search for speciﬁc “turnstile” coupling mechanisms or engines that
do the real job of Free Energy Conversion whereby particular exergonic
reactions are mechanistically united with—and drive—particular ender-
gonic reactions. And, particularly when searching for the genesis of life,
there is likewise a need to place these processes in the context of the en-
tire stack of dissipating mechanisms operating on the planet 4.4 billion
years ago. Indeed,we recognize that the primary and secondary convec-
tion cells operating from the core to the surface of the planet are them-
selves FEC “heat engines” accelerating the dissipation of the earth's
thermal disequilibrium. At the surface these convective processes also
acted as FEC devices which generated, primarily by driving
serpentinization, both a new and essential suite of chemical
disequilibria, and at the same time new and essential organizational/
structural and distributional disequilibria at the sites of alkaline subma-
rine hydrothermal vents fed from serpentinization reactions. The
resulting extremely “organized” submarine hydrothermal structure
acted as a chemical and electrochemical reactor, afﬁnity column, organic
molecule concentrator and condenser and ultimately as the hatchery of
life [25,35,108]. It both focused and concentrated on the chemical
disequilibria at the “steepest gradient”, i.e., at “membranous” interfaces.
These interfaces also provided chemically active, macroscopically orga-
nized material structures closely reminiscent of the core devices in-
volved in the “turnstile mechanisms” of the chemical FEC machines of
extant life. Indeed, we can see how Mitchell's chemiosmosis—the re-
quired addition to Leduc's merely osmotic membranes—may have
emerged: ﬁrst in the formof the “consumptive” side of the chemiosmot-
ic cycle powered by the ambient proton gradient and driving the con-
densation of pyrophosphate. This stage must have been supplanted by
a fundamental transition to self-generated ion-gradients to sustain the,
by that time, unalterable dependence of proto-metabolism on the
chemiosmotic mechanism. This transition was most likely based on
using ambient redox disequilibria to pump sodium and sustain a
sodium-based chemiosmotic economy. Subsequently, when fully mod-
ern biological membranes evolved and relatively rich sources of free en-
ergy were more widely available, there was the predominant return to
the use of proton gradients driven by 2-electron redox reactions—
most likely exploiting electron bifurcation from the beginning.
It is by means of these and other ‘mineralogical’ and peptidic de-
vices, we propose, that the geochemical disequilibria present within
the mound became coupled, as drivers, to the generation of the
“founding” bio-chemical disequilibria that began the great, ‘long path’,
autocatalytic FEC spiral that is life on this planet; an autocatalytic spiral
that has ever since quickened the planet's entropy productivity [26].
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